Introduction

33
Darwin observed that many closely related species occupied the same habitat. However, he 34 considered the sympatric origin of species by ecological divergence due to an advantage of 35 specialists over generalists rather unlikely [1] . Since then, the contribution of sympatric 36 speciation to observed biodiversity has remained controversial [2] [3] [4] [5] . Speciation in a well-37 mixed, panmictic population is difficult for two main reasons. First, gene flow and 38 recombination oppose divergence in polygenic traits as well as preventing reinforcement 39 (the build-up of associations between the loci contributing to pre-and post-zygotic isolation; 40 [6, 7] . Second, the diverging types must be able to coexist. It is often thought that ecological 41 divergence must precede the evolution of mating assortment [8] , as assortment is 42 reinforced by selection against maladapted hybrids. However, this order of events is not 43 necessary: Assortment can precede divergence, or co-evolve with ecological loci. It is the 44 combined effect of assortment and ecological divergence which contributes to the isolation 45 of the nascent species [9] [10] [11] . Yet, in contrast to ecological selection, the loss of fitness due 46 to missed heterospecific matings is typically compensated by an increase in conspecific 47 matings. This stabilises polymorphism at the loci determining assortment and can protect 48 polymorphism at other loci diverging under natural selection. 49
50
Habitat choice is an important source of assortment when mating occurs locally. Host-51 specific mating is prevalent in nature, as in phytophagous insects (reviewed in [12] ). Habitat 52 fidelity based on a preference for the hatching site is common for birds [13] , another group 53 rich in sympatric species. In general, habitat choice can be based on learned characteristics 54 of the hatching site, on specific preference loci, or on an association with another 55 (ecological) phenotype [14] . The first two drove the classic sympatric speciation process in 56 the experiment by Rice and Salt [15] , where fruit flies learned to choose based on phototaxis 57 and chemotaxis. In this experiment, 60 mated females from each of two extreme habitats 58 founded the next generation. Severe disruptive selection on multiple traits in a fairly large 59 population, coupled with independent regulation within equally sized niches, led to nearly 60 complete reproductive isolation over 30 generations. Effectively, behavioural allopatry 61 evolved (c.f. [8] ). Further divergence in other traits, both selective and neutral, could have 62 followed. While the plausibility of sympatric speciation is undisputed, how common can it 63 really be? Selection is rarely that severe in nature, and even if niches are independently 64 regulated, they will very rarely be perfectly symmetric. 65
66
A recognition and preference for the correct habitat is a common example of assortment by 67 association with another phenotype. While preference for food source is omnipresent, 68 strong [16] trade-offs in specialization of the sympatric-species-rich phytophagous insects 69 have been hard to find, triggering a substantial controversy [17, 18] . Yet, strong trade-offs 70 must be reasonably common -otherwise, all habitats would be colonised by one generalist 71 species. Indeed, such trade-offs have often been recovered when life-time fitness and/or 72 performance of F1 hybrids on both hosts is assessed [19] [20] [21] [22] [23] . Moreover, a preference-73 performance correlation seems to be common in herbivorous insects [24, 25] . 74
75
Here we use mathematical modelling to investigate how genetically encoded preferences for 76 the most favourable habitat facilitate sympatric speciation by ecological divergence. We 77 assume that there is a strong (convex) trade-off in a polygenic trait, leading to disruptive 78 selection such that generalists have a lower mean fitness than specialists. Assortment arises 79 via preference for the correct niche. Because regulation is independent within niches (soft 80 selection, [26] ), the frequency of a type well adapted to its niche rises faster when this type 81 is rare than when it is common. This protects the polymorphism in the ecological loci 82 (coexistence of the specialists) via negative frequency-dependence [26] . 83
84
We consider a polygenic trait under ecological divergence, and focus on assortment via 85 preference for the niche the individual is best adapted to. The assortment allele can 86 therefore be seen as a type of a 'modifier-allele' [8] , realized via niche choice. The 87 population-wide matching of the habitat thus increases with the frequency of this modifier 88 allele. The modifier represents an 'one-allele model' [7] , where recombination cannot break 89 down the allele-specific association with the choice-locus. Thereby, the constraints on 90 symmetries, which render sympatric speciation implausible, are relaxed (c.f. [7, 27] ). To our 91 knowledge, despite recent theoretical development (reviewed in [16] ), evolution under divergent selection (strong trade-off) and evolving niche recognition has not been analysed 93 beyond early 2-locus models [8, 28] . Note that in the studies of Ravigné et al. [16, 29] , which 94 focus on the difference between local regulation (Levene model [30] ) and global regulation 95 (Dempster model [31]), 'matching' habitat choice does not evolve. Here we emphasise how 96 the conditions for speciation tighten as the number of loci increases, and how the parameter 97 range widens again if there is some pre-existing niche recognition ('live where you thrive') 98 and initial divergence in the ecological loci, as would be expected under secondary contact. 99 100 How do two nascent species evolve towards coexistence? Coexistence during divergence in 101 sympatry is often overlooked in speciation models, side-lined by focus on growth of 102 associations between and within polygenic traits, assuming symmetries are protected [11] . 103
The importance of pre-existing ecological divergence and/or of pre-existing assortment for 104 further diversification in sympatry has not been much studied. Hence, it is not clear whether 105 divergence and coexistence in sympatry is considerably more difficult than partial 106 divergence in allopatry or broad parapatry, followed by sympatry as assortment increases. 107
When neutral divergence in allopatry or broad parapatry does not lead to a sufficient niche 108 separation then (similarly to instant assortment by chromosomal variations; [32] ) 109 coexistence will not be possible. Yet, coexistence in sympatry is essential: without it, every 110 speciation in sympatry or parapatry would lead to a subdivision of the existing range -and 111 through time, species' ranges would become ever smaller. 112 113
Methods and results
114
Model 115
Since we focus on the effects of disruptive selection on sympatric divergence, we use a 116 Instead, we have analysed the instability of the two monomorphic equilibria for allele 138 frequencies in ecological and niche preference loci at 1 and 0. We assume that an 139 equilibrium polymorphic at the ecological loci exists between them. This approach was used 140 of the monomorphic equilibria are also necessary and sufficient conditions for stability of 143 the unique polymorphic equilibrium. Although this conclusion may not be valid in the 144 presence of epistasis and is not in general valid when assortment is present, it still allows us 145 to estimate the stability of the polymorphic equilibrium for the ecological loci in the full 146 model for most of the parameter range. The stability is then tested numerically. We discuss 147 a small parameter region where the local equilibrium also depends on the initial conditions. 148
Depending on the initial allele frequencies, the system evolves either to a polymorphic 149 equilibrium in the ecological loci, or to another equilibrium where ecological loci are fixed 150 and the locus for assortment is polymorphic, or where all polymorphism is lost. 
Ecological divergence at a polygenic trait 166
Ecological divergence is often driven by disruptive selection acting on polygenic traits. 167
Therefore, we first set out to analyse how increasing the number of loci influences the ability 168 of the model to maintain polymorphism under disruptive selection. We study two to three 169 loci analytically and for up to 16 using individual-based simulations. In particular, we focus 170 on violation of symmetries in niche proportions, which are defined as = = = > = 1 − = >> for 171 niche I and II, respectively (c ∈ (0,1)). In order to be able to compare the two-(A B6C = 2) 172 and three-(A B6C = 3) locus models, we normalise the strength of selection (!) and epistasis 173 (") in the models with more than two ecological loci such that the mean per-trait selection For simplicity, we assume all pairwise epistatic effects have the same value, and neglect 180 higher-order interactions between alleles. Fitnesses of the individual genotypes for the two-181
and three-locus model are defined in Table 1A and Table 1B 
198
First, we show that the region of parameter space where polymorphism is maintained is 199 highly sensitive to violation of symmetry in niche proportions, c, even if loci are completely 200 linked. Also, increasing convexity of the trade-off (i.e., more negative ", more disruptive 201 selection) further reduces the parameter space with maintained polymorphism (Fig. 1A) . 202
Both when the loci are completely linked (r=0) and when they are freely recombining (r=0.5), 203 there is no difference between two and three loci. The regions of parameter space with 204 maintained polymorphism coincide and shift towards stronger selection as epistasis 205 increases (Fig. 1C) . When recombination between loci is low (r=0.01, i.e., 1cM), the regions 206 of parameter space with maintained polymorphism shift closer towards those of the free 207 recombination regime in the three-locus model than in the two-locus model, as in the three-208 locus case the per-locus strength of selection is lower (Fig. 1B) . Interestingly, there is a 209 threshold for recombination rate, above which the parameter space is independent of the number of loci. Below we provide the analytical expressions for the boundaries of the stable 211 regions, and the recombination threshold. The conditions are for protected polymorphism in 212 the ecological loci, obtained by assessing local instability of the monomorphic equilibrium. 213
Note that as we have disruptive selection with symmetric selection coefficients are, all 214 ecological loci evolve to the same allele frequencies. 
272
In the presence of niche preference, the parameter space where polymorphism is 273 maintained broadens (Fig. 2) . As allele M is beneficial for both specialist genotypes (AB and 274 ab), it quickly goes to fixation when polymorphisms for the other two loci are maintained -275 hence, two specialists coexist. This holds in the case of complete linkage ( Fig. 2A ) and low 276 recombination (Fig. 2B) . In the scenario with free recombination, maintenance of Figure 2D shows which combinations of initial frequencies of 284 the ecological (u 2 = u 5 ) and preference (u ) ) alleles lead to which equilibria for four points 285 
301
Increase of assortment 303
Once such a niche preference modifier allele gets fixed in a population, it not only inflates 304 the parameter space where polymorphism is maintained but it also always favours fixation 305 of another modifier allele, which then reinforces the divergent process. In order to analyse 306 such an increase of assortment, we again redefined fitnesses of the genotypes as shown in 307 Table 3 . The fitnesses of the specialist genotypes (AB and ab) are now defined such that the 308 niche preference allele M from the previous model is fixed in the population. Therefore, 309 both specialist genotypes have their probability of going to the right niche increased by p 2 . 310
The third locus can now be polymorphic for another modifier allele, which further increases 311 the probability of going to the right niche by p 5 . In Fig. 3A -C we show how the parameter 312 space where polymorphism is maintained further broadens in the presence of another 313 modifier allele, increasing the assortment. 314
315 Furthermore, we numerically tested how different levels of pre-existing niche preference 316 affect time to fixation of a new niche preference allele. In Fig. 3D -G we show that with 317 increasing initial niche preference (p 2 ) the time to fixation of a new niche preference allele 318 (p 5 = 0.2) decreases. In particular, this effect is most profound when selection (! * ) is weak 319 and recombination (k) is low (Fig 3D, E) . Figure   325 3C, which depicts the parameter space for free recombination (r = 0.5), the region where maintenance of 326 ecological polymorphism depends on initial allele frequencies is indicated by a shading grey area (as in Fig. 2C ). niche II ABM 5 1 + α 2 + α 5 (1 − 2s − ϵ)(1 − α 2 − α 5 ) ABm 5 1 + α 2 (1 − 2s − ϵ)(1 − α 2 ) AbM 5 , aBM 5 , Abm 5 , aBm 5 1 − ! 1 − ! abm 5 (1 − 2s − ϵ)(1 − α 2 ) 1 + α 2 abM 5 (1 − 2s − ϵ)(1 − α 2 − α 5 ) 1 + α 2 + α 5 339 340 Table 3 . Fitnesses of individual genotypes modified by a fixed niche choice parameter α 2 and a polymorphic 341 allele M2, which increases niche preference for the better niche by α 5 . The genotype ABM2 goes to niche I with 342 a probability increased by the factor α 2 + α 5 and to niche II decreased by α 2 + α 5 . Similarly, genotype ABM2 343 preferentially goes to niche II instead of niche I. Preferences of other genotypes are identical as in Table 2 .
345
Secondary sympatry 346
It should be noted that all conditions presented above are independent of the initial linkage 347 disequilibrium between the ecological loci. Therefore, for maintenance of genetic 348 polymorphism in the ecological loci it is irrelevant whether the population starts in a Hardy-349
Weinberg linkage equilibrium or if it consists of only two specialist genotypes as it would 350 during a secondary contact after divergence in allopatry. preference, the conditions under which polymorphism is maintained appear to be slightly 355 broadened but only if there is no cost to habitat selection. We implemented a cost of niche 356 choice, v, into our model, which is defined as a fraction of the selection coefficient (fitnesses 357 are described in Table 4 ). 358
359
As analytical solutions are rather difficult to obtain, we numerically assessed how various 360 values of v affect maintenance of polymorphism in the ecological loci. In Fig. S2 we show 361 that for low recombination (around r = 0.01), certain cost is robustly tolerated in a large 362 region of the parameter space. E.g., in an example with ! = 0.1, = = 0.46 and " = −0.5!, 363
cost v = 0.05! is tolerated for α 5 ≥ 0.1, cost v = 0.1! for α 5 ≥ 0.2 , and cost v = 0.2! for 364 α 5 ≥ 0.3. 365 genotype niche I niche II ABM 5 1 + α 2 + α 5 − v (1 − 2s − ϵ)(1 − α 2 − α 5 − v) ABm 5 1 + α 2 (1 − 2s − ϵ)(1 − α 2 ) AbM 5 , aBM 5 1 − ! − v 1 − ! − v Abm 5 , aBm 5 1 − ! 1 − ! abm 5 (1 − 2s − ϵ)(1 − α 2 ) 1 + α 2 abM 5 (1 − 2s − ϵ)(1 − α 2 − α 5 − v) 1 + α 2 + α 5 − v 367 368 Individual-based simulations: polygenic traits with more than 3 loci 374
375
We use individual-based simulations to illustrate that initial degree of assortment is essential 376 to allow for the evolution of coupling between ecological loci. When assortment has to 377 evolve from low frequencies, even with strong recombination (r = 0.01), selection has to be 378 strong for the coupling to evolve (c.f. Fig. 3 for 2 ecological loci loci, approx. s > 0.1).
Week 379 pre-existing niche preference (one locus out of ten with α = 0.1 is near fixation) allows for 380 evolution of two coexisting specialist if linkage is strong and the number of loci is low (Fig 4  381 A,B -top, neco = 3 and 6). The number of loci that would evolve coupling increases readily 382 with increasing initial niche-recognition ( Fig. 4 vs 5 ). For example, with two loci out of ten 383 with α = 0.1 are near fixation, variation is already maintained for a moderate number of loci 384 ( Fig 5) , though coupling between the ecological loci (in colour) stays weak when 385 recombination is high (r=0.1) ( Fig 5B, bottom rows) . As initial assortment increases further, 386 conditions for coexistence broaden considerably (see Fig S4) -two nascent specialist can 387 then diverge and coexist even for a polygenic trait under a strong trade-off. 388
389
For more ecological loci -assuming variation is not lost faster -we see a slow build-up of 390 coupling between ecological loci (Fig 5C, second row) . This can be seen as an abrupt phase 391 change (tipping point, c. f. [38] ). For our scenario, however, the crucial question is whether 392 enough assortment can build up before variation is lost. Simply because the increase of 393 allele frequencies grows with its heterozygosity, we see a slow increase in niche recognition 394 initially, when its allele frequencies are low (black). It is to be noted that the niche-395 preference alleles are growing from low variation, not from zero -this would need different 396 time scales (even with high mutation of μ = 10 -3 ), and the waiting time does further narrow 397 the parameter range for speciation towards coexistence. Here we focus on the later stages, 398 assuming some variation is present. 399 400 401
To help the curious reader to understand the patterns in relations to other changes in the 402 parameters, in the supplement we also include results in the absence of epistasis (when 403 variation is maintained more easily), stronger selection (ditto), and a lower population size 404 (converse). Curiously, even with total population size of N=10 000 and selection per locus si > 405 0.01 (16 loci), genetic drift is still important. Unfortunately, detailed exploration of these 406 patterns is beyond the scope of this paper. We provide the source code (for Mathematica, 407
Wolfram) and are happy to deliver further specific reference-simulations upon request. Figure S1 ). Parameters: s = 0.1, 420 ε = -0.05, slightly asymmetric niche sizes with c = 0.46, population size across niches N = 10 000. 10 niche 421 preference loci with alpha = 0.1 (average initial niche preference for the specialist is z = 0.135 for 1 niche-422 preference locus near fixation (Fig 4) and 0.22 for 2 ( Fig. 5 ). Selection per locus is 0.1, 0.067, 0.033, 0.017, 
